Maternal intrauterine inflammation has been implicated in the development of periventricular leukomalacia and white matter injury in the neonate. We hypothesized that intrauterine endotoxin administration would lead to microstructural changes in the neonatal rabbit white matter in vivo that could be detected at birth using diffusion tensor magnetic resonance imaging (MRI). Term newborn rabbit kits (gestational age 31 days) born to dams exposed to saline or endotoxin in utero on gestational day 28 underwent diffusion tensor imaging, and brain sections were stained for microglia. Comparison between normal and endotoxin groups showed significant decreases in both fractional anisotropy and eigenvalue (e 1 ) in all periventricular white matter regions that showed an increase in the number of activated microglial cells, indicating that after maternal inflammation, microglial infiltration may predominantly explain this change in diffusivity in the immediate neonatal period. Diffusion tensor imaging may be a clinically useful tool for detecting neuroinflammation induced by maternal infection in neonatal white matter. W hite matter injury, in particular periventricular leukomalacia, is considered the leading cause of long-term neurological disorders underlying cerebral palsy. A growing body of evidence suggests that in addition to hypoxic-ischemic injury, intrauterine infection or inflammation plays a central role in the etiology of periventricular leukomalacia and cerebral palsy. 1-7 Conventional magnetic resonance imaging (MRI) has been widely considered the neuroanatomical imaging tool of choice in detecting brain lesions in the neonatal period and in children with cerebral palsy. It has been used to reveal macrostructural brain abnormalities such as periventricular leukomalacia, ventricular enlargement, proencephalic cysts, and cerebral atrophy. 8-11 However, conventional MRI has failed to detect micropathology in patients with cerebral palsy. 12, 13 Recently, Korzeniewski and colleagues reported that 17% of these patients have no abnormality detectable by conventional MRI. 14 Thus, newer MRI techniques, including diffusion tensor and diffusionweighted imaging, perfusion MRI, magnetic resonance spectroscopy, and functional MRI, may provide more detailed information at the structural and functional level.
Maternal intrauterine inflammation has been implicated in the development of periventricular leukomalacia and white matter injury in the neonate. We hypothesized that intrauterine endotoxin administration would lead to microstructural changes in the neonatal rabbit white matter in vivo that could be detected at birth using diffusion tensor magnetic resonance imaging (MRI). Term newborn rabbit kits (gestational age 31 days) born to dams exposed to saline or endotoxin in utero on gestational day 28 underwent diffusion tensor imaging, and brain sections were stained for microglia. Comparison between normal and endotoxin groups showed significant decreases in both fractional anisotropy and eigenvalue (e 1 ) in all periventricular white matter regions that showed an increase in the number of activated microglial cells, indicating that after maternal inflammation, microglial infiltration may predominantly explain this change in diffusivity in the immediate neonatal period. Diffusion tensor imaging may be a clinically useful tool for detecting neuroinflammation induced by maternal infection in neonatal white matter.
Keywords: periventricular leukomalacia; cerebral palsy; neuroinflammation; diffusion tensor imaging; fractional anisotropy; intrauterine inflammation; microglia; New Zealand white rabbits W hite matter injury, in particular periventricular leukomalacia, is considered the leading cause of long-term neurological disorders underlying cerebral palsy. A growing body of evidence suggests that in addition to hypoxic-ischemic injury, intrauterine infection or inflammation plays a central role in the etiology of periventricular leukomalacia and cerebral palsy. [1] [2] [3] [4] [5] [6] [7] Conventional magnetic resonance imaging (MRI) has been widely considered the neuroanatomical imaging tool of choice in detecting brain lesions in the neonatal period and in children with cerebral palsy. It has been used to reveal macrostructural brain abnormalities such as periventricular leukomalacia, ventricular enlargement, proencephalic cysts, and cerebral atrophy. [8] [9] [10] [11] However, conventional MRI has failed to detect micropathology in patients with cerebral palsy. 12, 13 Recently, Korzeniewski and colleagues reported that 17% of these patients have no abnormality detectable by conventional MRI. 14 Thus, newer MRI techniques, including diffusion tensor and diffusionweighted imaging, perfusion MRI, magnetic resonance spectroscopy, and functional MRI, may provide more detailed information at the structural and functional level.
Diffusion tensor imaging is a noninvasive MRI technique based on the measurement of random displacement of water molecules. It allows an assessment of white matter integrity in different diseases. In white matter, fibers are oriented in bundles, and water molecules diffuse more freely along the direction of the fibers but are restricted in their movement perpendicular to the fibers. This directionally dependent diffusion is termed anisotropic diffusion and is directly proportional to fiber density and inversely related to membrane permeability. Tissue diffusion is characterized by the apparent diffusion coefficient, providing a measure of overall magnitude of water diffusion independent of anisotropy, and by fractional anisotropy, an indicator of the degree of anisotropic diffusion. 15, 16 The apparent diffusion coefficient and fractional anisotropy parameters are well-established measures of microstructural abnormality otherwise not detectable by conventional MRI. Diffusion tensor imaging has been used to assess cerebral white matter abnormalities in preterm and term infants and in children with periventricular leukomalacia and cerebral palsy. 12, 13, 15, 17 In these patients, a decrease in fractional anisotropy was noted in the white matter regions, suggestive of damage to the fiber tracts or impairment in their subsequent development.
Several animal studies using diffusion-weighted MRI to evaluate brain injury after hypoxic-ischemia in neonatal mice 18 and rats 19 have shown a decrease in the apparent diffusion coefficient in the brain tissue. Drobyshevsky and colleagues, using diffusion tensor imaging, have demonstrated that newborn rabbits with hypertonia secondary to hypoxic-ischemic insult in utero had a decrease in fractional anisotropy in the corpus callosum and internal capsule that corresponded with a decrease in the number and density of fiber tracts. 20 We have previously established a rabbit model of intrauterine inflammation that leads to a phenotype of cerebral palsy in the neonate, with microglial infiltration in the immediate newborn period (postnatal day 1) and hypomyelination at postnatal day 5. 21, 22 We hypothesized that maternal intrauterine endotoxin administration leads to changes in water diffusivity in the periventricular white matter regions in the newborn rabbit.
Materials and Methods

Animal Model
All the animal experimental procedures were approved by the Animal Investigation Committee of Wayne State University and were conducted in strict compliance with the policies of the animal welfare and care of the National Institute of Health and Wayne State University. The details of the surgical procedures were described previously by our group. 21 Briefly, New Zealand White rabbits (Covance Research Products Inc, Kalamazoo, Michigan) with timed pregnancies that were confirmed breeders with a history of delivering 7 to 11 kits per litter underwent laparotomy under general anesthesia (2% to 3% isoflurane by mask) on gestational day 28 (E28, term pregnancy is 31 to 32 days). One milliliter of saline in the control group (n ¼ 5) and 1 mL of saline containing 20 mg/kg of lipopolysaccharide (Escherichia coli serotype 0127:B8; Sigma-Aldrich, St Louis, Missouri) in the endotoxin group (n ¼ 5) were injected into the uterine wall using a 27-gauge needle between the fetuses, taking care not to enter the amniotic sac. This ensured that all the kits were exposed to the same amount of endotoxin. Normothermia was maintained using a water-circulating blanket, and heart rate, oxygen saturations, and arterial blood pressure measured through a 20-gauge arterial catheter placed in the marginal ear artery were monitored continuously during the procedure. A surveillance camera was placed in the rabbit room and the dams monitored remotely to determine the time of delivery. The kits were born spontaneously at 31 days' gestational age with a phenotype of cerebral palsy in the endotoxin kits, as described previously by our group. 22 The litter size ranged from 7 to 12 kits and 1 to 2 kits from each litter underwent MRI scanning, including diffusion tensor imaging protocol.
Diffusion Tensor Imaging Protocol
Before MRI acquisition, postnatal day 1 rabbits were anesthetized with isoflurane (2% isoflurane was used for induction and 0.2 % for maintenance) and were kept warm during the MRI scan using a water-circulating blanket at 37 C. Rectal temperature was monitored continuously with a fiberoptic thermometer (Luxtron, Santa Clara, California) and normothermia maintained for all rabbits. Heart rate and oxygen saturations were monitored throughout the procedure. A special customized head and body holder was designed that enabled immobilization of the head and body in a prone position. The head was placed in a slightly elevated position to minimize interference due to respirations.
Brain images were acquired on a small-animal Bruker Biospec-Avance 4.7 T horizontal-bore magnet (gradient ¼ 200 mT/m, rise time ¼ 170 microsecond) using a surface coil. Diffusion tensor images were acquired using a spin-echo sequence with diffusion sensitizing gradients of b ¼ 800 (s/mm 2 ) applied in 6 noncollinear directions [(x, y, z) ¼ (0.707, 0.707, 0) (0.707, À0.707, 0) (0.707, 0, 0.707), (À0.707, 0, 0.707), (0, 0.707, 0.707) (0, 0.707, À0.707)] and a reference T2-weighted scan (b ¼ 0 (s/mm 2 )]. Imaging parameters were as follows: repetition time ¼ 4000 milliseconds, echo-time ¼ 37 milliseconds, field-ofview ¼ 32 Â 32 mm, matrix size 128 Â 128, slice thickness ¼ 0.7 mm (no gap), and acquisition time *40 minutes. Eight contiguous slices were acquired with the first slice selected at the level of the bregma (Figure 1 ).
Diffusion tensor imaging metrics were measured using the DTIStudio software, 23 yielding the 3 diffusion tensor eigenvalues (e 1 , e 2 , e 3 , units of mm 2 /s) characterizing the 3 axes of the diffusion ellipsoid. Moreover, parallel (along fiber direction) diffusivity was characterized by the main eigenvalue (e 1 ), whereas water diffusivity perpendicular to axonal fibers was described by the mean of the 2 minor eigenvalues (e 3 , e 2 ). Lastly, the apparent diffusion coefficient (ADC, units of mm 2 /s) was calculated as the mean of all 3 eigenvalues, and the fractional anisotropy (FA, unitless) was calculated based on the following equations:
A directional color-encoded map was created from the orientation of the main eigenvalue using the combination of red-green-blue colors. Fibers oriented left-right were encoded in red, those oriented dorsoventral in green, and those encoded oriented craniocaudal in blue ( Figure 1 ). Studied structures included the corpus callosum, internal capsule (bilaterally), anterior commissure, corona radiata (bilaterally), and hippocampus (bilaterally). These structures were manually delineated by drawing regions of interest on the directionally color-encoded map, in all slices that contained the structures (Figure 1 ). Care was taken to include as much pixels as possible for each structure while avoiding partial volume effects.
Immunohistochemistry
After the MRI, rabbit kits were perfused intracardiac on the same day with 4% paraformaldehyde under deep anesthesia. Their brains were removed and immersed in the same fixative for 48 hours, cryoprotected using graded solutions of sucrose, and frozen at À800 C until they were sectioned. Thirty-micrometer thick coronal brain sections were cut using a cryostat (Leica Microsystems, Nuchloss, Germany) and mounted on poly-L-lysine-coated slides (Sigma-Aldrich). For immunohistochemical staining, sections were rinsed in phosphate-buffered saline and treated with ethanol for 35 minutes to inactivate endogenous peroxidase. The sections were permeabilized for 1 hour with phosphate-buffered saline containing 0.3% triton X-100 and 0.5% bovine serum albumin. The sections were incubated for 1 hour with biotinylated Lycopersicon esculentum tomato lectin (1:100 dilution in phosphate-buffered saline containing 0.3% triton X-100/bovine serum albumin; Vector Laboratories, Burlingame, California) for microglial staining, or mouse monoclonal Pan-axonal neurofilament marker (SMI-312, 1/50 dilution in phosphate-buffered saline containing 0.3% triton X-100/bovine serum albumin; Covance, Emeryville, California) for phosphorylated neurofilaments, respectively. After incubation, the sections used for neurofilament staining were rinsed in phosphate-buffered saline containing 0.3% triton X-100/phosphate-buffered saline and incubated for 2 hours at room temperature with biotinylated goat anti-mouse immunoglobulin G (1:250 dilution in phosphatebuffered saline containing 0.3% triton X-100/bovine serum albumin; Vector Laboratories) as secondary antibody. Avidin binding was done using Vectastain ABC kit according to manufacturer instructions, and color developed using 3,3 0diaminobenzidine as a peroxidase substrate (Vector Laboratories). Sections were then rinsed in phosphate-buffered saline, dehydrated in graded ethanol, and cleared in xylene. For all staining, sections were mounted with mounting medium (Electron Microscopy Sciences, Hatfield, Pennsylvania) and viewed using a Leica DM2500 microscope (Leica Microsystems) equipped with a camera.
The staining of microglial cells was performed on every fourth section extending from the level of the bregma. Microglial cells in 3 representative white matter regions, the corpus callosum, anterior commissure, and internal capsule (bilaterally), were counted. On each section, 6 images were captured at Â40 magnification (total area of 0.54 mm 2 ) to cover the totality of the structure. On the basis of morphology, the microglia were classified as ramified (resting) or bushy and round (activated), as described previously (Figure 2 ). 21 The ratio of the activated cells (bushy and round cells) compared with total number of microglial cells (ramified þ bushy and round) was calculated and compared for the control and endotoxin groups. The ratio of activated to total microglia for each rabbit was also correlated with its fractional anisotropy, apparent diffusion coefficient, and directional diffusivities (e 1 and e 23 ) measured in the corpus callosum, anterior commissure, and internal capsule.
Statistical Analysis
Prior to the analyses, distributions of all outcome variables were examined for accuracy and outliers. For analysis of the diffusion tensor imaging parameters, all slices that represented each of the structures was included. For bilateral structures such as the internal capsule, corona radiata, and hippocampus, data obtained from the left and right hemisphere were averaged. To compare the 2 groups (control, endotoxin) with respect to diffusion tensor imaging parameters while taking into account repeated measurements as well as nesting of some of the pups within litters, a generalizing estimating equations approach was used. A firstorder autoregressive correlation structure was used to represent the within-subject dependencies among the variables. Data were expressed as mean with 95% confidence intervals obtained from the generalizing estimating equations. The ratio of activated to total microglial cells between the groups was analyzed using a t test and expressed as mean and standard deviation.
Results
Analyses of Diffusion Tensor Imaging Parameters
Diffusion tensor images were obtained according to the protocol described on 5 kits from 4 litters in the control group and 5 kits from 3 litters in the endotoxin group. A significant decrease in e 1 resulting in a decrease of fractional anisotropy was observed in the endotoxin group compared with the control group in periventricular white matter, including the corpus callosum, anterior commissure, internal capsule, and corona radiata ( Table 1) . Based on the analysis of the parallel (e 1 ) and perpendicular (e 23 ) diffusivities, it appears that the decrease in fractional anisotropy in the periventricular white matter regions of lipopolysaccharide-exposed kits is mainly caused by the decrease in e 1 . A tendency toward increase in e 23 was observed in these regions and reached significance only in the region of the anterior commissure. There was no significant difference in the apparent diffusion coefficient in any periventricular region between the 2 groups (see Table 1 ). In the grey matter region (hippocampus), a significant decrease in both e 1 and e 23 , resulting in a decrease in apparent diffusion coefficient, was observed in the endotoxin group. In contrast, no significant difference in the fractional anisotropy was noted between the 2 groups in the hippocampus (Table 1) .
Immunohistochemistry
The presence of activated microglia was demonstrated by tomato lectin staining. Strong microglial activation was detected in the endotoxin kits compared with controls, as determined by an increase in the number and change in the morphology of the microglial cells to a lessramified form with a larger cell body. This was noted in the corpus callosum; along the lateral ventricle; in the regions of internal capsule, corona radiata, and anterior commissure; and in the hippocampus (Figure 3 ). There was a significant increase in the ratio of activated cells compared with total number of microglial cells in the endotoxin kits when compared with controls, in all 3 regions (corpus callosum, mean + SD was 0.34 + 0.05 for the control and 0.81 + 0.13 for the endotoxin group; P < .005; anterior commissure, mean + SD was 0.13 + 0.05 for the control and 0.71 + 0.17 for the endotoxin group; P < .005; and internal capsule, mean + SD was 0.34 + 0.05 for the control and 0.84 + 0.10 for the endotoxin group; P < .005; Figure 4 ).
Relationship Between Diffusion Tensor Imaging Parameters and Immunohistochemistry
To determine whether the decrease in parallel diffusivity and fractional anisotropy in the corpus callosum, anterior commissure, and internal capsule were related to the increased presence of activated microglial cells in these regions; the e 1 and fractional anisotropy were compared against the ratio of activated microglial cells to the total number of microglial cells in all 3 regions for the control and endotoxin kits ( Figure 5 ). A decrease in e 1 and fractional anisotropy with increase in the proportion of activated microglial cells is seen in all 3 regions, with a clear separation between the control and the endotoxin groups.
Although a negative correlation was seen for e 1 and fractional anisotropy when compared with proportion of activated microglia, it is possible that some of this difference may be due to the significant difference in the mean values of these parameters between the groups. Nevertheless, it does appear that the decrease in e 1 and fractional anisotropy in the corpus callosum, anterior commissure, and internal capsule of the endotoxin kits is related to the increased presence of activated microglial cells in these regions at this age. A correlation was not noted between increase in activated microglia and change in apparent diffusion coefficient or e 23 for these regions. This indicates that the changes in diffusivity in the white matter regions may be related to the presence of neuroinflammation and infiltration by microglial cells in the endotoxin kits. Newborn brain sections, when stained with pan-axonal neurofilament marker SMI-312, which immunolabels complex networks of axons and is directed against highly phosphorylated axonal epitopes of neurofilaments, 20, 24 showed no difference in the immunoreactivity for phosphorylated neurofilament in the periventricular white matter regions between the endotoxin and the control groups, indicating that an obvious decrease in number of axons was not noted at this stage ( Figure 6 ).
Discussion
In this study, we have used diffusion tensor imaging to noninvasively evaluate the effect of the presence of neuroinflammation induced by intrauterine endotoxin administration on water diffusivity changes in the white matter of newborn rabbits. A decrease in parallel diffusivity along with a decrease in the fractional anisotropy is demonstrated in the white matter regions. This may be related to the increased presence of activated microglia and astrocytes in these regions. We have previously shown in this model that intrauterine injection of endotoxin near-term leads to microglial activation in the neonatal brain that can be detected by positron emission tomography (PET) using the tracer 11 C-(R)-PK11195, and motor deficits in newborn rabbit. 21, 22 Our results did not show an obvious decrease in staining of phosphorylated neurofilaments in the periventricular white matter regions of newborn rabbit after maternal endotoxin administration. However, a robust activation of microglial cells and astrocytes was observed in these regions. These findings suggest that in our model, the decrease in e 1 resulting in a decrease in fractional anisotropy could be explained by the presence of activated microglia and astrocytes in white matter regions of endotoxin kits.
Diffusion tensor imaging has been widely used to detect white matter injury in animal models of multiple sclerosis, 25 spinal cord injury, 26, 27 ischemia, 28, 29 and with cuprizone instillation. 30, 31 These studies have shown a correlation between the directional diffusivities and the histological findings. A decrease in e 1 appears to be associated with axonal damage, whereas an increase in e 23 is associated with myelin injury. Although myelin plays a role in anisotropy, it appears not to be an essential component for anisotropic diffusion in neural fibers. 32 Structural features of the axons other than myelin appear to be a significant source of anisotropy. 32 Harsan and colleagues have used in vivo diffusion tensor imaging to characterize the brain white matter tracts in a mouse model of Pelizaeus-Merzbacher disease, where an irreversible dysmyelination is accompanied by oligodendrocyte death and astrocyte hypertrophy. 33 The authors suggested that the increase in parallel and perpendicular diffusivity noted in these animals may be related to the hypertrophic astrocytes that wrapped around and tended to run parallel to the long axis of the unmyelinated axons. However, in our model a decrease in parallel diffusivity is noted, which may be because of the infiltration of activated microglial cells that are typically enlarged and rounded in shape without long processes and ramifications. The presence of these microglial cells in the white matter regions may decrease the parallel diffusion normally seen along the axons. Although an obvious decrease in neurofilament staining is not seen in these regions, the presence of axonal disorganization and/or damage cannot be ruled out because there is a tendency toward an increase in the perpendicular diffusivity in our model in these regions. This may explain the presence of motor deficits in our model and the hypomyelination observed on histology at postnatal day 5. 22 In addition to the changes in water diffusivity in the white matter, a decrease in e 1 and e 23 followed by a decrease in apparent diffusion coefficient without change in fractional anisotropy was noted in the hippocampus in the endotoxin-exposed kits. This decrease in diffusion in the hippocampus may be related to the swelling of astrocytes and/or microglial activation, increasing the local cellularity in these regions. Similar findings have been reported in a rat model of middle cerebral artery stroke, where a decrease in diffusion with increase in cellular swelling was noted in the ipsilateral substantia nigra. 34 In patients with middle cerebral artery infarct, a decrease in diffusion in ipsilateral thalamus was thought to be related to microglial activation in this region. 35 Using a rabbit model of intrauterine hypoxic-ischemic injury, Drobyshevsky and colleagues examined white matter injury by diffusion tensor imaging. An increase in e 23 resulting in a decrease in fractional anisotropy was observed in the periventricular white matter of hypertonic newborn rabbits at postnatal day1. In these kits, there was no change in e 1 in white matter regions. These diffusion tensor imaging findings were accompanied by a decrease in white matter volume and a loss of immunoreactivity for phosphorylated neurofilaments in the white matter. The authors suggested that the disruption of structural organization of white matter in hypertonic kits may be explained by initial injury to oligodendroglia after hypoxia-ischemia. 36 The discrepancy between the diffusion tensor imaging and the immunohistochemical findings in the hypoxicischemic model and ours could be linked to the timing of the insult in relationship to the fetal brain development.
In the hypoxic-ischemic model, hypoxia was induced at E22, a time that correspond to the presence of preoligodendrocytes that have been reported to be vulnerable to hypoxia-ischemia. 37, 38 In our model, lipopolysaccharide injection was performed at E28, a time that correspond to peak of microglial cell density in white matter tracts of rabbit. 39 Hence in our model, at postnatal day 1 the presence of gliosis may contribute the most toward the changes in diffusivity, resulting in a decrease in the parallel diffusivity. This intense microglial infiltration may overwhelm diffusivity changes due to axonal disruption or loss of structural organization. This hypothesis can be verified by longitudinal studies using diffusion tensor imaging and immunohistochemical techniques to evaluate the effect of activated microglia and astrocytes on axonal and myelin integrity.
In the current study, the decrease in fractional anisotropy observed in periventricular white matter of endotoxin newborn rabbits seems mainly due to the decrease in e 1 . The tendency toward an increase in e 23 noted in corpus callosum, internal capsule, and corona radiata that becomes significant in the anterior commissure could also contribute to the decrease in fractional anisotropy in these regions of the endotoxin rabbits. The inability to detect significant changes in e 23 could be explained by the immaturity of rabbit white matter at an early postnatal age. The myelination in rabbit is similar to that of human brain because it occurs in the perinatal period. In rabbit, myelination begins in the internal capsule at postnatal day 5 and in the corpus callosum at postnatal day 11. At postnatal day 11, intense myelination was present in the rabbit white matter regions, including internal capsule, corona radiata, and anterior commissure. 36 In humans, myelination begins in late fetal development and during the early postnatal period and is more active during the first year after birth. 40, 41 Hence, the premyelinating state of the white matter tract in the newborn rabbit could contribute to the moderate change in e 23 in corpus callosum, internal capsule, and corona radiata regions. In the endotoxin rabbits, the decrease in parallel diffusivity with little increase in the perpendicular diffusivity suggests that at postnatal day 1, the effect of the presence of activated microglia and astrocytes is more dominant than the effect of absence or loss of myelin on this directional diffusivity. Changes in diffusivity that are more characteristic of axonal injury and myelin loss may be more obvious at later ages beyond the time period of peak microglial activation.
The observed decrease in fractional anisotropy in our study is consistent with reported diffusion tensor imaging findings in clinical studies. A decrease in fractional anisotropy with no change in apparent diffusion coefficient was noted in the cervical cord of patients with amyotrophic lateral sclerosis 42 and in periventricular white matter of neonates with meningitis. 43 Because diffuse astrocytosis and microglial activation are a common finding in multiple sclerosis, 44 amyotrophic lateral sclerosis, 45 and infection, 46 the authors suggested that the decrease in fractional anisotropy could be related in part to the presence of reactive gliosis. Diffusion tensor imaging studies of infants with periventricular leukomalacia and cerebral palsy have demonstrated a decrease in fractional anisotropy in the affected white matter regions that may be accompanied by an increase in apparent diffusion coefficient, but the changes in diffusion tensor imaging-derived parameters including e 1 and e 23 have not been detailed. 12, 13, 15, 47, 48 A decrease in fractional anisotropy with no change in apparent diffusion coefficient was seen in term infants with moderate hypoxic-ischemic injury and was thought Figure 5 . Ratio of activated cells to total number of microglial cells plotted against parallel diffusivity and fractional anisotropy. Scatter plot of ratio of activated to total microglial cells versus e 1 (A) and fractional anisotrophy (B) in corpus callosum, anterior commissure, and internal capsule. Each symbol represents data from 1 rabbit kit for the indicated region. An increase in the proportion of activated microglia is associated with a decrease in parallel diffusivity (R ¼ .70, .52, and .40 for the corpus callosum, internal capsule, and anterior commissure, respectively) and a decrease in fractional anisotropy (R ¼ .57, .57, and .69 for the corpus callosum, internal capsule, and anterior commissure, respectively). This indicates that the decrease in parallel diffusivity and fractional anisotropy in the endotoxin kits may be related to the increased presence of activated microglia in these regions. AC, anterior commissure; CC, corpus callosum; IC, internal capsule.
to be a more sensitive indicator of injury. 49 Arzoumanian and colleagues found that a decrease in fractional anisotropy in the internal capsule in preterm infants correlated with development of abnormal neurolologic outcomes, including cerebral palsy at 18 months to 24 months of age. 47 In a recent study using diffusion tensor imaging fiber-tracking techniques to evaluate sensoriomotor fibers in patients with periventricular leukomalacia, the authors reported a decrease in fractional anisotropy in infants 9 months to 41 months of age, which correlated with motor disabilities characterized by cerebral palsy at 15 months to 63 months. 50 Taken together, these findings and our results suggest that diffusion tensor imaging may be a useful noninvasive tool in evaluating neuroinflammation and white matter injury soon after birth and in predicting neurological abnormalities in infants who have been exposed to intrauterine infection. In addition, it would be important to take into account the timing of exposure to the inflammatory stimulus in relation to the presence of microglia in white matter tracts, to determine the nature and the degree of white matter injury in fetuses exposed to chorioamnionitis. Peak microglial activation is known to occur 48 to 72 hours after the inflammatory stimulus. 51 Hence, at postnatal day 1, the effect of microglial activation may be the most dominant contributor to change in diffusivity in this model.
In summary, this study demonstrates that intrauterine injection of endotoxin near-term leads to water diffusivity changes in periventricular white matter of newborn rabbits that can be detected noninvasively by diffusion tensor imaging. Our data suggest that these changes in water diffusivity may be explained in part by the infiltration of Figure 6 . Staining for phosphorylated neurofilaments. Brain sections from postnatal day 1 control and endotoxin rabbits were stained for phosphorylated neurofilament using pan-axonal neurofilament marker SMI-312. There is no obvious decrease in the immunoreactivity for phosphorylated neurofilaments noted in the endotoxin kits compared with controls at postnatal day 1. Scale bar ¼ 200 mm. activated microglia and astrocytes in the periventricular white matter of postnatal day 1 rabbits exposed to maternal inflammation in utero. Longitudinal diffusion tensor imaging studies and immunohistochemical analyses will help delineate the relative contributions of gliosis versus axonal damage and dysmyelination in changes in diffusivity in maternal inflammation-induced perinatal brain injury.
